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The surface glycoprotein of the Lassa virus, a member of the
arenaviridae family, is synthesized as a 76-kDa precursor (GP-C)
that is posttranslationally cleaved into an N-terminal 44-kDa sub-
unit and a C-terminal membrane-anchored 36-kDa subunit. Cleav-
age occurs at the C-terminal end of the unusual recognition motif
R-R-L-L. We show here that GP-C is cleaved in the endoplasmic
reticulum by the cellular subtilase SKI-1yS1P, an enzyme that has
so far been observed to be involved in cholesterol metabolism.
Furthermore, we present evidence that only cleaved glycoprotein
is incorporated into virions and that this is necessary for the
formation of infectious virus. To our knowledge, there have been
no previous reports of this type of viral glycoprotein processing,
one that may be an interesting target for antiviral therapy.

Lassa virus is a member of the large family of arenaviridae,
comprising also the closely related lymphocytic choriomen-

ingitis virus (LCMV) as well as other important human patho-
gens like the viruses causing Argentinian and Bolivian hemor-
rhagic fever. Lassa virus causes annually up to 100,000 cases of
clinically apparent Lassa fever in West Africa, with 10% to 20%
of the patients developing hemorrhagic manifestations and a
total mortality of around 15% (1, 2). The disease is also
increasingly exported from endemic regions to other parts of the
world (3).

Lassa virus is an enveloped virus with glycoprotein spikes on
its surface, and a nucleoprotein containing a bisegmented am-
bisense genome (4). The Lassa virus glycoprotein is synthesized
as a 76-kDa glycosylated precursor protein (GP-C), which is
posttranslationally cleaved into the N-terminal 44-kDa subunit
GP-1 and the membrane bound 36-kDa subunit GP-2 (5). GP-1
of LCMV and Lassa virus interacts with the cellular receptor
a-dystroglycan, whereas GP-2 presumably mediates pH-
dependent fusion of the viral envelope with the cellular target
membrane (6–8). We have recently shown that the Lassa virus
glycoprotein GP-C is cleaved at the peptide bond between
leucine259 and glycine260 and that the amino acid motif R-X-Ly
IyV-L259 is responsible for cleavage by a yet unidentified pro-
tease (9). This cleavage site and similar consensus motifs appear
to be typical for arenaviruses (Table 1). However, they are
different from those of most other viral glycoproteins, which are
often cleaved by furin at arginine-lysine clusters or by proteases
recognizing a monobasic cleavage site (10). The consensus
sequence of Lassa virus glycoprotein was found to be homolo-
gous to the recognition motif of the recently discovered SKI-1y
S1P protease belonging to the pyrolysin branch of subtilases.
This enzyme has been identified in human, rat, mouse, and
hamster cells, with the human and the hamster form show-
ing 97% identity (11–13). In the present study, we have identi-
fied SKI-1yS1P as the cleavage enzyme of the Lassa virus
glycoprotein.

Materials and Methods
Cell Cultures and Viruses. Vero, baby hamster kidney (BHK)-21
and primary chicken embryo cells were maintained in DMEM

(GIBCO) supplemented with 10% FCS, 100 unitsyml penicillin,
and 0.1 mgyml streptomycin. Chinese hamster ovary (CHO)-K1
cells were grown in DMEM nutrient mixture F12 Ham (GIBCO)
supplemented with 10% FCS, 100 unitsyml penicillin, and 0.1
mgyml streptomycin, whereas SRD-12B cells were maintained in
the same medium as the CHO cells with the addition of 5 mgyml
cholesterin (Sigma), 1 mM sodium mevalonate (Sigma), and 20
mM sodium oleate (Sigma; ref. 14). The modified vaccinia
Ankara strain containing the phage T7 RNA polymerase (MVA-
T7) was kindly provided by R. Sutter (National Research Center
for Environment and Health, Oberschleissheim, Germany), and
seed stocks were grown in primary chicken embryo cells. Vac-
cinia virus titers were obtained by using a standard plaque assay
procedure with subsequent 5-bromo-4-chloro-3-indolyl b-D-
galactoside (X-Gal) staining. All experiments performed with
Lassa virus were done under biosafety level 4 biocontainment
conditions. Lassa virus, strain Josiah, was grown on Vero cells.
Lassa virus was titered by a plaque assay in Vero cell cultures that
were overlaid with DMEM, 1% low-melting agarose, and 2%
FCS, incubated at 37°C for 4–5 days, and counterstained with
0.012% neutral red.

Antibodies and Western Blotting. A peptide comprising amino
acids 53 to 75 of the nucleoprotein (NP) of Lassa virus, strain
Josiah, with an additional C-terminal cysteine was prepared by
chemical synthesis (M. Krause, University of Marburg). The
oligopeptide was covalently linked to keyhole limpet hemocya-
nin (KLH; Pierce) as a carrier protein by a N-(-a-maleimide)-
succimide ester and used for immunization of rabbits. The
obtained antisera were tested by using peptide-based ELISA and
Western blot analyses of lysates of Lassa virus-infected Vero
cells. A monospecific antiserum raised against GP-2 that also
detects GP-C was described recently (9). The mAb HA-2A11
raised against influenza virus hemagglutinin H7 was used in
control experiments (15).

Western blotting was done following standard procedures
(16). Proteins were electrophoretically transferred to nitrocel-
lulose, which was subsequently incubated with monospecific
antisera in 3% BSA and 0.1% Tween 20 in PBS for 1 h at room
temperature. The detection system consisted of horseradish
peroxidase-labeled anti-rabbit IgG from swine (Dako), and
Super Signal system (Pierce).

Calcium Depletion. Subconfluent BHK-21 cells were infected with
modified vaccinia virus strain Ankara T7 (MVA-T7) in DMEM

Abbreviations: CHO, Chinese hamster ovary; NP, nucleoprotein; BHK, baby hamster kidney;
MVA-T7, modified vaccinia virus strain Ankara T7; moi, multiplicity of infection; FPV-
HA, fowl plague virus hemagglutinin; BFA, Brefeldin A; TGN, trans-Golgi network; p.i.,
postinfection.
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or in calcium-free DMEM at a multiplicity of infection (moi) of
10. At 1 h postinfection (p.i.) the cells were transfected with the
T7-driven pTM1-GP-C (9) by using calcium-free DMEM or
DMEM with calcium, respectively. The calcium specific iono-
phore A23187 (Calbiochem) solubilized in DMSO was added to
a final concentration of 0.3 mM or 0.5 mM immediately and again
3h posttransfection (p.t.). Cells were lysed in sample buffer for
SDSyPAGE and analyzed by Western blotting (9).

Pulse–Chase, Glycosidase Treatment, and Immunoprecipitation Anal-
ysis. Vero cells were infected with MVA-T7 at a moi of 10. The
inoculum was removed, and cells were Lipofectin transfected
(GIBCO) with recombinant DNA of Lassa virus GP-C and fowl
plague virus hemagglutinin (FPV-HA), cloned in a pTM1
vector, respectively (17). At 4 h posttransfection about 106 cells
were starved for 1 h with DMEM lacking methionine and
cysteine before they were labeled for 30 min with [35S]methi-
onine and [35S]cysteine (100 mC [35S]Promix; Amersham Phar-
macia). Labeling medium was removed from cells and replaced
by DMEM for a 3-h chase. Brefeldin A (BFA; Sigma) was added
from a stock solution (5 mgyml stock solution in ethanol) to some
samples at a final concentration of 15 mgyml to the medium
during starving, labeling, and chase periods. Cells were lysed in
500 ml CoIP buffer [20 mM Tris, pH 7.6y100 mM NaCly5 mM
EDTAy1% Nonidet P40y0.4% sodium deoxycholatey25 mM
iodine acetamidey5% (volyvol) Trasylol (Bayer)y1 mM PMSF].
The cell lysate was sonicated (40 Watt, Branson sonifier), freed
from insoluble material by centrifugation at 14,000 rpm for 30
min (Minicentrifuge, Eppendorf), and incubated with protein A
Sepharose and antibodies against GP-C or FPV-HA, respec-
tively. Immuncomplexes were kept untreated or were treated
either with EndoH or PNGaseF (New England Biolabs) at 37°C
for 1 h and subsequently subjected to SDSyPAGE followed by
autoradiography.

Transfection and Lassa Virus Infection. CHO-K1, BHK, Vero, or
SRD-12B cells were transfected with pcDNA3.1-hSKI-1 or
empty vector by using Lipofectin (GIBCO) 12 to 16 h before
infection with Lassa virus at a moi of 1. Transfection with
Lipofectin resulted in an efficacy of 20% to 30% as judged by
standard immunofluorescence procedure by using recombinant
expressed Lassa GP-C as a reporter molecule. On day 4 p.i.,
supernatants of cells were centrifuged at 2000 rpm for 10 min
(Minicentrifuge, Eppendorf) and pelleted through a 20%
sucrose-cushion by using a SW28 Rotor (Beckman) at 20,000
rpm for 2 h at 5°C. Virus pellets and cells were lysed in protein
sample buffer for SDSyPAGE and Western blot analysis.

Protease Protection Assay. Supernatants of CHO and SRD-12B
cells infected with Lassa virus at a moi of 1 were collected 4 days

p.i., and the virus was pelleted through a 20% sucrose-cushion
by ultracentrifugation (see above) and resuspended in 120 ml
PBS. Aliquots (40 ml) were treated for 30 min at 37°C with either
0.1 mgyml proteinase K or 0.1 mgyml proteinase K in the presence
of 1% Triton X-100 or were left untreated. Proteinase K was
thereafter inactivated by addition of an excess of PMSF (10
mgyml final concentration).

Results
Because cleavage of proteins by SKI-1yS1P was shown to be
calcium dependent (13), the role of calcium for the processing of
Lassa virus GP-C was studied by use of the calcium-specific
ionophore A23187 (18). GP-C of Lassa virus was vectorially
expressed in Vero cells in the presence or absence of calcium and
the ionophore, by using a T7-based recombinant vaccinia virus
system (9). Cleavage was analyzed on Western-blots showing the
precursor GP-C and the cleavage product GP-2 by detection with
a GP-2-specific antiserum (Fig. 1). Cleavage was observed in
normal and calcium-free medium without the ionophore (lanes
2 and 3), whereas it decreased in a dose-dependent fashion when
intracellular calcium was depleted by A23187 (lanes 4 and 5).

We then investigated the subcellular localization of GP-C
cleavage. SKI-1yS1P cleaves its substrates in the endoplasmic

Table 1. Alignment of the amino acid sequences around confirmed amd presumed cleavage
sites of GP-C of different arenaviruses

Lassa (Josiah) RTRDIYISRRLL GTFTWTLSDSEG
Lassa (AV) ........ RRLL ............
Mopeia ...NF... RRLL L...........
LCMV (Armstrong) K.K--FFT RRLA ..........S.
Pichinde ..AYSSVS RKLL .F...D....S.
Junin GKN-.QLPRRSL KAF.S.S.T..S.
Tacaribe QKS-.AVGRTLK AF.S.S.T.PL.

The amino acid sequences comprising the cleavage region of the old world arenaviruses Lassa Josiah (GenBank
accession no. P08669), Lassa AV (GenBank accession no. AAG41802), Mopeia (GenBank accession no. P19240), and
LCMV Armstrong (GenBank accession no. P09991), as well as the new world arenaviruses Pichinde virus (GenBank
accession no. P03540), Junin virus (GenBank accession no. P26313), and Tacaribe virus (GenBank accession no.
P31840), are aligned. Only amino acids differing from the Josiah sequence are shown. Confirmed and presumed
cleavage motifs are bold-faced. N-termini of GP-2, which were confirmed by sequencing, are underlined (5, 9).

Fig. 1. Cleavage of Lassa virus GP-C is calcium dependent. Lassa virus
glycoprotein precursor GP-C was expressed in BHK cells incubated with cal-
cium free and normal Dulbecco’s medium (GIBCO) by using pTM1-GP-C and
the MVA-T7 system (31). The calcium-specific ionophore A23187 (Calbiochem;
ref. 18) was added to the transfection medium in concentrations as indicated.
Cells were lysed in sample buffer 6 h posttransfection, and the proteins were
subjected to electrophoresis on an 11% polyacrylamide gel and electro-
phoretically blotted onto a nitrocellulose membrane. Cleaved GP-2 and the
uncleaved precursor GP-C were identified by immunodetection by using
rabbit anti-GP2 immune serum (9). GP-C* representing unglycosylated GP-C is
due to overexpression in the vaccinia T7 system(9).
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reticulum or an early Golgi compartment (13, 19, 20). We
therefore analyzed GP-C cleavage in the presence and absence
of BFA, which causes disassembly of the cis and medial Golgi
compartment and inhibits the anterograde transport of proteins
along the secretory pathway (21). We also analyzed the glyco-
sylation patterns of GP-C and GP-2 by glycosidase treatment to
further confirm the block imposed by BFA on the transport of
GP-C. Because N-glycosylated proteins acquire EndoH resis-
tance in the medial-Golgi by gaining the complex carbohydrates,
EndoH sensitivity is characteristic for glycoproteins that have
not yet reached the medial-Golgi. Cleavage and glycosylation of
vectorially expressed GP-C were analyzed in pulse–chase exper-
iments, with hemagglutinin (HA) of fowl plague virus (FPV)
known to be cleaved in the trans-Golgi network (TGN) serving
as a control. As shown in Fig. 2A (lanes 1 and 4), BFA treatment
had no effect on proteolytic processing of the Lassa virus

glycoprotein precursor, whereas it prevented cleavage of
FPV-HA under the same conditions (Fig. 2B, lane 2 and 3),
implying that Lassa GP-C is cleaved before it enters the TGN.
Without BFA treatment, GP-2 displayed complex type sugars
that were partially resistant to Endo H and sensitive to PNGase
F (Fig. 2 A, lanes 2 and 3). When expressed in the presence of
BFA, GP-C and GP-2 remained sensitive to Endo H and
PNGase F (Fig. 2 A, lanes 5 and 6). Thus, cleavage of GP-C
occurs already in the endoplasmic reticulum or the cis-Golgi
compartment. This finding is in contrast to the glycoproteins of
most other enveloped viruses, which are cleaved in a late Golgi
compartment or the TGN.

To directly prove the role of the subtilase SKI-1yS1P in GP-C
processing, a CHO cell line lacking this enzyme (SRD-12B; ref.
14), and its parental CHO-K1 cells were transfected with the
plasmid pTM1-GP-C by using the vaccinia-T7 expression system.
Cleavage was completely abolished in the protease-deficient
cells, whereas the parental CHO cells efficiently cleaved GP-C
(Fig. 3A, lanes 1 and 2). However, when SRD-12B cells were
cotransfected with pTM1-GP-C and human pcDNA3.1-SKI-1y
S1P, cleavage was restored (Fig. 3A, lane 3). The slightly lower
cleavage efficacy of Lassa GP-C in SRD-12B cells transfected
with pCDNA3.1-SKIyS1P in comparison with CHO cells is due
to the transfection efficiency of cells, which is about 30% and
results in uncleaved GP-C. Furthermore, the ratio of cleaved to
uncleaved GP-C varies for unknown reasons not only in the
recombinant vaccinia system but also in Lassa virus-infected
cells.

When SRD-12B cells were infected with Lassa virus, no
cleavage was observed in SRD-12B cells 48 h p.i. (Fig. 3B, lane
3). Again, cleavage was fully restored after transfection with a
plasmid encoding the human SKI-1yS1P (Fig. 3B, lane 4). These
data show clearly that SKI-1yS1P is necessary for the cleavage
of the Lassa virus GP-C. The remote possibility that GP-C is not
cleaved by SKI-1yS1P directly but by another protease activated
by SKI-1yS1P seems very unlikely in view of the identity of the
recognition motif of SKI-1yS1P and the Lassa cleavage site (13).

To investigate whether the cleavage of GP-C is necessary for
release of infectious viral particles, SRD-12B cells, pcDNA3.1-
SKI-1yS1P-transfected SRD-12B cells, and Vero cells were
infected with Lassa virus. Virus titers were determined in the
supernatants of infected cells by plaque assays at various times
after infection according to standard procedures (Fig. 4A). Viral
titers obtained from infected SRD-12B cells were consistently
very low [102 plaque forming units (pfu)yml], whereas superna-
tants from SKI-1yS1P-transfected SRD-12B cells contained
almost 100,000-fold higher amounts of virus, similar to those
seen in the supernatant of infected Vero cells (106 to 107 pfuyml).
To address the question whether noninfectious viral particles are
released from SRD-12B cells, supernatants of Lassa virus-
infected SRD-12B cells and pcDNA3.1-SKI-1yS1P-transfected
SRD-12B cells were subjected to ultracentrifugation through a
20% sucrose cushion, and the presence of pelleted viral particles
was detected by Western blotting by using GP-2 and NP-specific
antisera, respectively. No viral glycoproteins, neither GP-C nor
GP-2, were detectable in the supernatants of Lassa virus-
infected SRD-12B cells at 48 h p.i. whereas NP was present in
quantities as seen in pcDNA3.1-SKI-1yS1P-transfected SRD
cells (Fig. 4B, lanes 2 and 3). Complete virus particles were
released from infected SRD cells only after transfection with
pcDNA3.1-SKI-1yS1P as indicated by the presence of GP-2 and
NP (Fig. 4B, lanes 4 and 5).

To prove that NP-containing particles from the supernatant of
infected SRD-12B cells are enveloped by a lipid membrane, the
particles were either treated with proteinase K or proteinase K
and Triton X-100 or left untreated (22). Treatment with pro-
teinase K alone had no effect on NP whereas the addition of
Triton X-100 destroyed the lipid envelope and enabled the

Fig. 2. BFA does not prevent cleavage of Lassa virus GP-C. Lassa virus GP-C
and FPV-HA were expressed in Vero cells by using the MVA-T7 system. (A) Four
hours posttransfection cells were incubated with medium lacking methionine
and cysteine for 1 h before they were labeled with [35S]methionine and
[35S]cysteine for 30 min. The radioactive label was chased for 3 h in the
presence of normal DMEM, the cells were solubilized in lysis buffer, and GP-C
and GP-2 were immunoprecipitated with GP-2-specific rabbit-immune serum.
Precipitated GP-C was treated with endoglycosidase H (New England Biolabs;
lanes 2 and 5), with endoglycosidase F (New England Biolabs; lanes 3 and 6),
or was left untreated (lanes 1 and 4) and subjected to SDSyPAGE and fluo-
rography. BFA was added at a final concentration of 15 mgyml to the medium
as indicated. (B) As a control, cleavage of FPV-HA was analyzed by using mAb
HA-2A11 (15).
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proteinase K to degrade NP (Fig. 4C). These experiments
demonstrate that noninfectious enveloped particles devoid of
glycoprotein are released in the absence of cleaved GP-C. This
finding means that only cleaved glycoproteins are efficiently
incorporated into budding virus particles.

Discussion
Many enveloped viruses, such as influenza viruses, paramyxo-
viruses, HIV, and filoviruses, have fusion proteins that undergo
posttranslational proteolytic processing by host proteases. In
most cases, cleavage is an important biological control mecha-
nism, because it triggers fusion activity and is, thus, essential for
virus entry into the host cell. Cleavage of these fusion proteins
is a late event in the replication cycle, occurring either during
transit of the glycoproteins through the TGN or after their
arrival at the cell surface, and it is not necessary for spike
assembly and formation of virions. Although various endopro-

Fig. 3. SRD-12B cells cleave Lassa virus glycoprotein precursor GP-C only after
transfection with recombinant SKI-1yS1P. (A) Nonconfluent cultures of SRD-
12B cells and parental CHO-K1 cells were cotransfected with pCDNA3.1 en-
coding the human SKI-1yS1P (ref. 13; lane 3) or empty vector (lanes 1 and 2)
12 h before MVA-T7-mediated expression of Lassa virus GP-C. (B) Nonconflu-
ent SRD-12B cells were transfected with pCDNA3.1-SKI-1yS1P (lane 4) or empty
vector (lane 3) 12 h before infection with Lassa virus, strain Josiah, at a moi of
1. Parental CHO-K1 cells were infected with Lassa virus in parallel (lane 1). At
48 h p.i., cells were lysed in sample buffer, and cleavage of GP-C was analyzed
on Western blots.

Fig. 4. SKI-1yS1P-deficient cells release noninfectious particles devoid of
glycoprotein. (A) SRD-12B cells, SRD-12B cells transfected with pcDNA3.1-SKI-
1yS1P, and Vero cells were infected with Lassa virus, strain Josiah. Superna-
tants of infected cells were analyzed by plaque titration at 0, 24, 48, 72, 96, and
144 h p.i. according to a standard protocol. (B) To detect release of noninfec-
tious viral particles, SRD-12B cells and SRD-12B cells transfected with human
SKI-1yS1P were infected with Lassa virus at a moi of 1, and virions in the
supernatants were enriched and partially purified by centrifugation through
a 20% sucrose cushion. These pellets (lanes 3 and 5; S) and lysates of trans-
fected cells infected in parallel (lanes 2 and 4; C) were solubilized by treatment
with sample buffer and analyzed by Western blot by using peptide sera raised
against GP-2 (Upper) and against NP (Lower). (C) To study whether the NP is
enclosed by a lipid envelope, supernatants of Lassa virus-infected CHO and
SRD-12B cells were centrifuged as described above and treated for 30 min at
37°C with 0.1 mgyml proteinase K (lanes 2 and 5) or with 0.1 mgyml proteinase
K and 1% Triton X-100 (lanes 3 and 6) or was left untreated (lanes 1 and 4).
Samples were analyzed by using Western blots and staining with anti-NP
immune serum.
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teases have been identified as activating enzymes, furin and
related subtilases cleaving at multiple basic residues play a
prominent role in this type of cleavage (23, 24). We demonstrate
now that processing of GP-C to GP-2, which appears to be the
fusion protein of Lassa virus (25), shows several important
differences. First, GP-C is cleaved by a novel endoprotease,
SKI-1yS1P, which, unlike furin, belongs to the pyrolysin group
of subtilases and cleaves at non-basic residues. GP-C is the first
viral glycoprotein known to be processed by SKI-1yS1P, and so
far only three cellular proteins have been identified as substrates,
the sterol regulatory element binding protein SREBP (26), the
transcription factor ATF6 (27), and the neurotrophic factor
BDNF (13, 20). Second, GP-C is cleaved in the endoplasmic
reticulum or in the cis-Golgi stacks of which SKI-1yS1P is a
resident protease (19, 28). It is therefore cleaved at an earlier
stage of the exocytotic transport route than, for instance, the
influenza virus hemagglutinin. Third, cleavage is necessary for
incorporation of the glycoprotein into virions and presumably
also for spike formation. However, we showed that noninfectious
enveloped particles containing nucleocapsid but devoid of spikes
are made in the absence of cleavage. Thus, spikes may not be
necessary for formation of Lassa virus particles.

Analysis of the tissue expression pattern of SKI-IyS1P in rats
revealed highest levels of activity in liver, spleen, and adrenal

glands, and low levels in brain (13). In human Lassa fever cases,
high viral titers are recovered from liver, spleen, lungs, kidneys,
and adrenals, but not the brain (29). Further study of the tissue
tropism of SKI-IyS1P in humans should contribute to the
understanding of the pathology of Lassa virus infection in
humans.

To date there is no vaccine available for the prevention of
Lassa virus infections. Treatment with the guanosine analogue
ribavarin is the only available therapy of Lassa fever in humans,
but is effective only if started very early in the clinical course of
the disease (30). The design of specific inhibitors for SKI-1y
S1P-mediated cleavage of Lassa virus GP-C may lead to new
therapeutical approaches for Lassa fever.
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